Parthenogenesis among reptiles is rare. Only a few species have the ability to reproduce asexually. Most of these are obligate parthenogenetic species that consist (almost) entirely of females, which can reproduce solely through parthenogenesis. Rarer are sexual species that only sporadically reproduce through parthenogenesis. A female Python molurus bivittatus (Reptilia, Boidae) from the Artis Zoo, Amsterdam, produced eggs in five consecutive years that contained embryos while she was isolated from males. These eggs might be fertilized with stored sperm, or might be the product of parthenogenesis. Parthenogenesis has not been shown for the Boidae family before. We performed parentship analyses on the snake and seven of her embryos using microsatellites and AFLP. Four microsatellite loci developed for this species combined with three loci developed previously for different snake species revealed too little variation to discriminate between sperm retention and parthenogenesis. With AFLP we were able to confirm that the Artis Zoo female reproduced parthenogenetically. Because the offspring are genetically identical to their mother, whereas in previous studies on sporadic parthenogenesis in snakes a loss of genetic information was reported, we conclude that the meiotic pathways that produce the diploid egg cells are different.
Introduction
Sexual reproduction is the predominant mode of reproduction in eukaryotes, and reptiles are no exception to this rule. However, several species of reptiles, all belonging to the order Squamata (lizards and snakes), are known to be obligate parthenogens. Most of these species are thought to have originated from hybridization events between related sexual species (Darevsky et al, 1985) . Males are occasionally produced in populations from the wild (Darevsky et al, 1985) , but whether these males are fertile and participate in sexual reproduction has not been investigated.
On the other hand, there are numerous anecdotal reports (eg, Magnusson, 1979; Scalka and Vozenilek, 1986) , mainly from animals kept in zoos or laboratories, about females of sexual species that are reproduced in the absence of males. This suggests that sexual species have the ability to reproduce by female parthenogenesis. However, an isolated female can also reproduce in the absence of males since reptiles have the ability to store sperm after copulation for long time periods (Fox, 1976; Birkhead and Mller, 1993) . Molecular genetic analysis of mother and offspring should allow for an unequivocal discrimination between these two possibilities.
If sexual species reproduce by parthenogenesis, the major problem that has to be overcome is to prevent the reduction in chromosome number during meiosis, since haploid eggs are inviable. In addition, embryo development must be able to commence without the stimulus of sperm entrance. Suomalainen et al (1987) describe a number of cytological mechanisms that can restore somatic ploidy level. The genetic consequences of parthenogenesis vary depending upon the cytological mechanisms involved; offspring are either completely homozygous or genetically identical to their mother (except for rare mutations). In obligate parthenogenetic reptiles, for example, ploidy level is presumably maintained by premeiotic doubling of the genome in the primary oocytes (Cuellar, 1971; Suomalainen et al, 1987 ; see also Darevsky et al, 1985) . This mechanism results in offspring that is genetically identical to the mother (MacCulloch et al, 1997) .
There are a few reports of studies in which molecular genetic methods were used to prove the sporadic occurrence of parthenogenesis in otherwise sexual snakes. The species involved in these studies were Thamnophis elegans and Thamnophis marcianus (Colubridae), Crotalus horridus and Crotalus unicolor (Viperidae) (Schuett et al, 1997) and Acrochordus arafurae (Acrochordidae ) (Dubach et al, 1997) . Genetic fingerprints in these species showed differential fixation of maternal heterozygous loci in the offspring. This suggests that offspring become completely homozygous. This is consistent with the observation that all offspring are male. In snakes females are the heterogametic sex (ZW). Homozygous offspring will be either WW or ZZ. Since the WW combination is not viable, all observed offspring are ZZ and thus male. Although cytological analyses have not been conducted, diploidy is probably restored through fusion of the egg nucleus with the second polar body (Schuett et al, 1997) , a mechanism known as terminal fusion (Suomalainen et al, 1987 ).
Here we investigate a possible case of parthenogenesis in a normally sexually reproducing species of snake, the Burmese python (Python molurus bivittatus), a member of the Boidae. The live collection of Artis Zoo in Amsterdam, The Netherlands, contains three adult female P. m. bivittatus but no males. One female was born in 1993 at a rescue center and donated to Artis Zoo in 1995. She has been separated from males since her arrival in Amsterdam. In her first 2 years of life she has probably been completely isolated too. She has produced a single clutch every spring starting in 1997 up to 2002. Apparent healthy embryos have been observed in 25-30% of the eggs in every single year.
We conducted a molecular paternity analysis comparing this female and her offspring using AFLP (Vos et al, 1995) and microsatellite markers (Quellar et al, 1993; McCracken et al, 1999; Lougheed et al, 2000; King et al, 2001) . If the offspring were produced by parthenogenesis, each genetic marker in the offspring should also be present in the mother. If, however, the offspring contain additional genetic markers that are not present in their mother, they must have inherited those from their father (except for occasional mutations).
Methods
DNA isolation and sex determination Although our focal female has produced one clutch of eggs every year since 1997, zoo policy did not allow for hatching of python eggs. Since zookeepers were not aware of the possibility of parthenogenesis, no material of the 1997-2000 clutches has been saved for later use in a genetical study. Seven embryos were isolated from eggs of the 2001 clutch after a 24-day incubation period. The embryos then measured about 18 cm. They were separated from the veins that run across the yolk. Blood spilling from these veins was collected for DNA extraction. After blood samples were taken, six out of the seven embryos were dissected at the Veterinary Institute at the University of Utrecht, The Netherlands, in order to determine whether they were male or female. Based on the presence of ovaries, all offspring were identified as female. In addition to the mother (M), two other adult female snakes, both from the Artis Zoo, were sampled. Female 1 is a half-sib of M, female 2 is unrelated to the other snakes. In the adult snakes, blood samples (0.5 ml) were taken from the caudal vein. DNA was extracted from 100 ml of blood in 300 ml CTAB buffer according to the methods of Weeks et al (2000) .
Microsatellite markers
Seven microsatellite loci were used in this study. Four of these, namely, PM-1, PM-2, PM-3, and PM-5 (Table 1) were developed following the methods of Weeks et al (2001) . One further locus, HB-30, was originally designed for Hoplocephalus bungaroides (Burns and Houlden, 1999) and two more loci, Nsm-3 and Nsm-10, were originally designed for Nerodia sipedon sipedon (Prosser et al, 1999) . Eight other loci (HB-2, HB-48, HB-65, and HB-70 (Burns and Houlden, 1999) , Nsm-2 and Nsm-9 (Prosser et al, 1999) , and TS-1 and TS-2 (McCracken et al, 1999)) were also tested but failed to amplify in P. m. bivittatus.
The forward primers were 5 0 end labeled with g-32 P ATP (Synthetic Oligonucleotides 5 0 end labeling kit, Fermentas MBI) prior to the PCR. Fragment amplification was done in a 12.5 ml PCR reaction volume, containing 1 Â Super Taq Buffer (Sphaero Q), 0.16 mM of each primer (the forward labeled), 0.2 mM of each dNTP, 0.5 U Super Taq DNA polymerase (Sphaero Q), and 15 ng template DNA. For PM-1 an extra 0.04 mM MgCl 2 was added. PCR cycling consisted of 3 min of initial denaturation at 941C, 36 cycles of 30 s at 941C, 45 s at primerspecific annealing temperatures and 1 min at 721C, and 5 min at 721C to end the reactions. Products were run on a 6% polyacrylamide gel using Sequagel s and 10% ammonium persulfate (Pharmacia) and exposed to a radiation sensitive film (Kodak s X-OMATt AR) for 2 days.
AFLP markers DNA fingerprints were made of all individuals using the AFLP technique (Vos et al, 1995) . Typically, AFLP will reveal about 85 dominant markers per primer pair in snakes (Giannasi et al, 2001) . Genomic snake DNA was digested and ligated with adapters in two steps. In the first step the DNA was digested with TaqI restriction enzyme. This reaction was done in a 15 ml reaction volume containing 125 mg DNA, 3 U TaqI, 1 Â buffer (One-Phor-All, Pharmacia Biotech), and 5 mM DTT. The reaction mixture was incubated for 1 h at 651C. During the second step, snake DNA was digested by PstI restriction enzyme and ligated with both Taq-and Pstadapters. Straight into the first reaction mixture the second 15 ml mix was added containing 0.67 mM ATP, 5 U PstI, 50 pmol Taq-adapter, 5 pmol Pst-adapter, 1.2 U T4 DNA ligase, 1 Â buffer (One-Phor-All, Pharmacia Biotech), and 5 mM DTT and subsequently incubated for 2 h at 371C. Reaction products were then 10 Â diluted in ddH 2 O and stored at À201C.
A subset of the created fragments was amplified by PCR in the pre-amp reaction. The pre-amp reaction was done in a 20 ml reaction volume containing 0.4 mM of each dNTP, 1 Â Super Taq Buffer (Sphaero Q), 1.2 ng Pst-A primer, 1.2 ng Taq-A primer, 0.5 U Super Taq DNA polymerase (Sphaero Q), and 5 ml 1/10 Â restrictionligation product. PCR cycling started with 2 min denaturation at 941C, followed by 36 cycles of 30 s at 941C, 1 min at 561C, and 1 min at 721C. The reaction was concluded with 5 min at 721C and 5 min at 41C. Reaction yields were examined by running a sample on a 1% agarose gel. A successful reaction produced a smear of bands. The remains of the products were diluted 20 Â in ddH 2 O and frozen at À201C.
In the subsequent end-amp reactions different subsets of the pre-amp products were amplified with Taq-A primer with a single selective base extra (Taq-AA, Taq-AC, Taq-AG, and Taq-AT) and Pst-A with two selective bases extra (Pst-ACC and Pst-AGA). The Pst-A +2 primers were fluorescent-labeled (IRD-700 nm). The DNA library was screened for all eight possible combinations of the mentioned Taq-and Pst-primers. The 10 ml reactions contained 1 Â Super Taq buffer, 0.5 U Super Taq DNA polymerase (Sphaero Q), 0.4 mM of each dNTP, 25 ng Taq-A +1 primer, 10 ng Pst-A +2 primer, and 2.5 ml 1/20 pre-amp product. Cycle conditions for the end-amp were: 1 min at 941C, 13 cycles of 30 s at 941C, 45 s at 651C, dropping 0.71C per cycle, and 1 min at 721C, followed by another 25 cycles of 30 s at 941C, 45 s at 561C, and 1 min at 721C. The reaction was concluded with 5 min at 721C and 5 min at 41C.
End-amp reaction products were run on a 6.5% acrylamide gel (6.5% Ready to use Gel Matrix, KB Plus, Westburg) on an Li-cor IR 2 Automated Sequencer (see Figure 1 ). Banding patterns were scored manually.
Results
Six out of seven microsatellite loci were monomorphic; all individuals were homozygous for the same allele. Only PM-1 showed three alleles. Mother and young were all homozygous for the same allele at this locus too. Female 1 was homozygous for a different allele, and female 2 was heterozygous for the allele of female 1 and a third allele. Thus, the microsatellites did not contain enough variation to discriminate between parthenogenesis and sperm retention.
Three primer pairs developed for snake species from two different families (Colubridae and Elapidae) (Burns and Houlden, 1999; Prosser et al, 1999) amplified DNA fragments in P. m. bivittatus, indicating that these primers amplify in distantly related species. However, they did not yield variation. Variation may be absent because the individuals are highly related, but it may also be that the amplified fragments do not contain the microsatellite repeats. This is unlikely because they were of approximately similar length in the Burmese python as in the species the primers were originally developed for.
A total of 692 AFLP markers were scored from the eight primer combinations (Table 2) , 43 (6.2%) of which were polymorphic markers. One primer combination failed in female 2. AFLP markers are mostly dominant and scored as fragment present (1) or absent (0) (Mueller and Wolfenbarger, 1999) . The genotype can therefore not be directly scored, as fragment present can either be a homozygote (11) or a heterozygote (10). Absence of fragments and thus homozygosity (00) can then only be inferred from other (11) and (10) individuals that do have that fragment.
All seven young had identical fingerprints. All the markers of the offspring were also found in their mother. In turn, every marker present in the mother was also present in each of the young. The mother (and her young) differed with her half-sister female 1 in 29 markers of eight primer combinations, and in 30 markers of seven primer combinations with the presumed unrelated female 2. Female 1 and female 2 differed at 20 marker loci of seven primer combinations. Since this is the first time an AFLP analysis was performed on P. m. bivittatus, it is not clear whether this level of polymorphism for AFLP markers is normal for this snake species or whether the adults kept at the zoo are inbred or related. Nevertheless, the young are genetically identical to their mother and do not show markers that suggest the involvement of a father. It therefore is highly unlikely that the eggs were fertilized through sperm storage.
Discussion
We present four lines of evidence that the Burmese python is capable of parthenogenetic reproduction: (i) offspring are genetically identical to their mother, (ii) all offspring are female, (iii) the mother has been raised in the absence of males, although we cannot completely exclude the possibility that she has been in contact with males during her first 2 years, and (iv) the percentage of The distinction between sexual and parthenogenetic reproduction is based on the detection of forbidden genotypes (Table 3 ). The young show only maternal markers while there is a 29 markers difference between the mother and her half-sister (female 1). In addition, the probability that males are absent from a clutch of six produced by sexual reproduction is less than 1/2 6 E0.017, assuming that the normal sex ratio is 1 : 1. An alternative mechanism that could explain the deviation of a 1 : 1 sex ratio is temperature-dependent sex determination, but this has never been reported for the Boidae. These observations suggest that this female python is parthenogenetic.
The robustness of our genetic approach depends upon the amount of genetic variation and the number of markers. We have scored almost 700 AFLP markers, but the low level of genetic variation between the presumed unrelated female 2 and the other two females suggests that the captive animals in Artis Zoo are inbred. Given this low level of genetic differentiation and the uncertainty about the first 2 years of the mother, we must evaluate the worst-case scenario that the mother has mated with a related male. In order to explain the identical fingerprints of mother and offspring in case of sexual reproduction, the fingerprint of the father must have had the following genetic properties: (i) the male did not have a marker present (11) that was absent in the mother, (ii) if the father had such a marker (10), he did not transmit it to any of the young, and (iii) at least one of the parents was homozygous present (11) for each of the 692 markers. Ideally, we would like to calculate the likelihood of the putative male genotype. This requires at least information on allele frequencies. Unfortunately, this information is not available. Instead, we argue that sexual reproduction is unlikely in the case of this python by considering two special male genotypes.
If the mother is entirely homozygous for all markers as a result of inbreeding and she has mated with her brother, fertilization of her eggs with retained sperm can result in an offspring that is genetically identical to her. In this case, the complete homozygosity and identity of both parents would explain the lack of segregation of heterozygous markers in the offspring. However, the genetic data we present exclude the possibility that both parents are inbred and homozygous. If they were raised from a fully inbred line, the mother would share at least 1 means character present, 0 means character absent. Parthenogenesis produces either complete homozygous offspring or offspring in which the heterozygozity of the mother is retained (Suomalainen et al, 1987) . *Mother and offspring phenotype combinations that were not found in this study.
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TVM Groot et al one allele with her half-sister (female 1) at the PM-1 microsatellite locus, but they share none. Additionally, the mother is not expected to show any AFLP marker that is absent in her half sister; we found 15 markers in the mother that her half-sister lacks. There are several mechanisms in parthenogenetic animals that maintain diploidy in the gametes despite meiosis (Suomalainen et al, 1987) . Mechanisms that result in completely homozygous individuals are excluded as the mechanism of parthenogenesis in the Burmese python, because there is no segregation of sex chromosomes and AFLP makers in the offspring: all offspring are female (ZW) and have identical AFLP fingerprints. Three other mechanisms, viz., central fusion, premeiotic doubling, and fusion of the first polar nucleus with the nucleus of the secondary oocyte, are all expected to result in offspring that are genetically identical to the mother. Cytological studies should allow distinction between these three mechanisms.
The finding that the young are genetically identical to their mother differs from previous reports on sporadic parthenogenesis in other snake species (Dubach et al, 1997; Schuett et al, 1997) . In those studies, the offspring showed fewer (minisatellite fingerprint) markers than their mothers. In addition, all offspring were male and no female offspring were present. The authors suggested that the cytological mechanism through which the male young become completely homozygous and, consequently, the markers are lost is terminal fusion. In this study, none of the maternal markers was lost. Assuming that the mother is not homozygous for all markers (see above), the meiotic mechanism that produces the diploid egg cell in the pythons is thus different from the one in the previous studies. Consequently, instead of being male, the young are expected to be of the female sex. Upon dissection of six embryos they all indeed contained ovaries.
In an ideal situation additional evidence for parthenogenesis would have been obtained from replicate experiments. The mode of reproduction should be studied for a large number of individuals raised under different conditions and crossing experiments should be done. Unfortunately, these kinds of experiments are practically impossible in this species because of the large size of the adult snakes (4-5 m long and 40 kg), the long time to reach maturity (5 years), and the fact that it is difficult to get them to reproduce in captivity.
Facultative parthenogenesis in snakes was only recently described (Schuett et al, 1997) . The number of species in which a genetical analysis has been performed to rule out sperm retention is still very small (see Introduction), but anecdotal accounts of reproduction after long time isolation are numerous. This suggests that the actual list of species capable of facultative parthenogenesis may be much longer. This suggestion is further supported by the fact that the cases in which parthenogenesis has been proven with molecular genetical techniques are from some quite different families. Reevaluating reports on long-term sperm retention in isolated females living in captivity have the highest chance to successfully reveal new cases of facultative parthenogenesis.
We have demonstrated that P. m. bivittatus is able to reproduce asexually in captivity. The mode of parthenogenesis in this species, as opposed to reported facultative parthenogenetic snake species, is particularly elegant since offspring are clones of their mother and no genetic variation is lost. However, this snake lives in a highly controlled environment with abundant food. The evolutionary significance of parthenogenetic reproduction in the Burmese python is unclear since we have no information on the occurrence of parthenogenetic reproduction in wild populations, where females have access to mates and environmental conditions are variable.
